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L SUMMARY

. The purpose of.this contract is to provide NASA with assistance in
planning the return of a Mars sample to Earth, Emphasis has been placed
on the development of a basic warning system to assess the biohazard of

‘a Mars return sample ox spacecraf;: prior to its retarn to Eaxrth. Further,
design' concepts are under investigation for the development of a Plane-
tary Receiving Laboratory that will meet the scientific requirements of
investigators while maintaining quarantine conditions.

In the development of a basic ;xrarning s-ystem, the model ecosystem
concept has been advanced as the most reliable, sensitive method for
assessing the biohazard from the Mars sa:r'nple before it is permitted on
Earth., Two apprcaches to ecosystem development have been studied.

In the first approach, the Mars sample would be introduced intr_:> the eco-
system and exposed to test conditions which are as similar to the Martian
environment as the constitutent terrestriai organisms can tolerate and

still function. This approach gives the Ma£tian or;ganism the best chance
of survival and permits it the maximum exf)ressibn of its capabilities.
Consequently, the literature has been surveyed to select the most hardy
terrestrial candidates. Laboratory-stressed microorganisms as well as
organisms which are naturally subjected to harsh terrestrial environmental
conditions, namely, alpine tundras, desert biomes, and the dry valleys of
Antarctica have been reviewed.

In the second approach, the Mars sample would be tested to
determine its effects on impoxrtant terrestrial cellular functions. This
might be accomplished with the ecosystem under either Mars or terres-
trial conditions or, preferably, in separate ecosystems under each-set
of environmental conditions. Consequently, a survey of key cellular
functions has been conducted to delineate those most important to

terrestrial life for testing in the model ecosystem.
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Further, the possibility of combining these two approaches by
examining the effect of the Mars organism on these vital processes in
terrestrial organisms which can function at or near Mars-like conditions
has been examined.

Iln addition to the d'eve'lopmen’c*of‘a basic warning system, efforts
have.been directed toward establishing design considerations for the
Mars Planetary Receiving Laboratory. The problems encountered with
the Lunar Receiving Laboratory have been evaluated in this context. A
questionnaire has been developed to obtain the necessary requirements
from knowledgeable scientists for :I:mportlant experiments to be conducted
in the Planetary Receiving Laboratory.

Efforts for the nexl reporting period will proceed with selection‘
and the beginning of laboratory evaluation of some simple candidate eco-
systems. The Planetary Rece.ivil}g Laboratory study.will also be pursued

with questionnaire distribution and assessment of initial returns therefrom.
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I, DEVELOPMENT. OF THE ECOSYSTEM
CONCEPT AS A BASIC WARNING SYSTEM

A, Rationale

One of the options for the next step in plémetary e};pioration,
perhaps in the 1980's, is the return of material from Mars (1). Our
present state-of knowledge requires that any Martian sample must be.
regarded as a possible source of life forms dangerous to Earth.
Considerable experience with the problems of maintaining quarantine
of extraterrestrial material was gained during the Apollo program.

Despite precautions such as the Lunar Receiving Laboratory and
Quarantine Facility, the Earth was contarninated with lunar material
beginning with the re-entry of Apollo craft into the atmosphere and
continuing at intervals throughout the quarantine p;ariod (2). Quarantine
procedures for Martian samples should be moxe rigorou'.s not only
because of past experience but also because prospects for life on Mars
are greater than they were for the moon. .

One objective of the Mars sample return ‘progra:m is to design
an improved Planetary Receiving Laboratory (PRL]) .for absolute contain-
ment. However, some possibility a.lways- exists that the quarantine will
be broken, The Space Science Board concluded (3) that "extraterrestrial
life and the concomitent possibility of back contammatlon must be pr esumed
to exist, " and an AIBS study group (4) concluded that "current LRL quaran-
tine protocol is by no means adequaté to protect the Earth from contami-
nation by injurious agents of extraterrestrial origin,'" Some of the possible
adverse effects of extraterrestrial life on Earth life have been enumerated
(5,6, 7). )

These concepts, coupled with the fact that there is no way to ascer-
tain absolutely that Martian organisms are not pathogenic or that they
cannot adver‘sely affect some Vii_:al process on Earth, have led to con-

siderable opposition (2) to the return of a Mars sample to Earth
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regardless of quarantine precautions. In a survey (8) of prominent
scientists, -several possible methods were 6ffered to minimize the

risk., Dr. -.T. Lederberg of the Stanford Medical School suggested that
tests be conducted on Mars to determine whether terrestrial environments
were inhibitory for growth of Martian organisms. Dr. Klein of the Ames
Research Center suggested that experiments exposing a variety of ter~
restrial organisms or delicately balanced ecosystems to Martian soil be
conducted on Mars prior to the return of a-sample to Earth, Dr. M,
.Alexar.lzder of Cornell University concluded (8) that a determination of

the species essential to the Earth's biosphere should be made and that
selected representative species should be .'included in a quarantined
exposure to the Maxs sample. In an elaboration of these studies (7),
Alexander suggested monitoring for possible modifications in key
microbial reaction sequences such as i)hotosyntheéis, COz evolution,

) 0‘2. consumption, nutljient regeneration, and nitrogen fixation. Population
abundance and épecie_s diversity could also be ‘studied,

In agreement with the ecosystem approach, one of the specific
rec;)nn’nendations of the AIBS Board-(-é) was that "the miost significant
test system may be that of Martian material exposed to the widest poésible
spectrum of Earth conditions involving at least several Earth ecosystems.,..
The approach could be made by beéinning with simple soil systems with
associated microfauna and flora, and, ‘in later tests, extended up the
food chain to higher plants and animals, ' The use of test systems such
as bacterial cultures or small mouse colonies has been suggested by
others (9}.

Thus, although no direct determination of pathogenicity on man
can be‘made, an assessment of the effect of a planetary sample on vital
Earth processes may be achieved through using-model ecosys'tems as a
Basic Warning System. These tests may be performed in Mars orbit,

. during the return flight, on the-moon, or in Earth orbit, In this way
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a decision may be made regarding the disposition of the sample before

the Earth's atmosphere has been contaminated, The development of such
a system and its testing prior to allowing any samples to be brought to
Earth may provide the needed safeguard and, also,” a means for praventing-
", .. adverse public reaction to a returned, unsterilized sample as a result
of concern for damage to life' (1, 1-0): This ‘ecosystexn' can monitor bio-
hazards resulting from interference with the basic terrestrial life
processes. If any vital process is interfered with, the changes to our
system will be clearly indicated. While a negative result cannot rule out
some adverse eifect on Earth, it would lend considerable assurance that é
catastrophic impact is unlikely should some Mars material escape to our

ehvironment.,

B, Types of Candidate Systems

An ecosystem may be defined as ', ..the total of interacting
physicochemical and biological factors in a microenvironment' (11).
This is a nonrestrictive definition includin:g forests at one extreme and
a laboratory slant culture at the oéhér. Some definitions do restrict the
term Yecosystem' to eanvironmments functioning in nature. Our ecoéystem
of necessity must be removed from nature.

There are several reasons for chodgsing as simple a system as
possible, First, a multi-level ecosystem is difficult to maintain under
the best of laboratory conditions. Second, a balanced complex écosystem
will not readily respond to alteration in a single species as it is not
sensitive to small changes (12). 'I‘.hird, even if a response does occur,
it will be difficult to monitor because of compensation by_ other species
Ixrmo-vingr into the vacant niche. Thus, the choice of a sirriple model eco-
system is predicated on the need for a semnsitive system that will show
a definite quantifiable response. to an adverse effect caused by a Martian

life form.
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The main adverse effects of a Mars life form on terrestrial
life are two-fold. First, the Mars organism may produce disease in
nan or the plants and animals upon which he depends for survival.
Second, the Mars organism may interfere with some biological process
vital for the continuance of life, such as photosynthesis or nitrogen-
-fixation. A model ecosystem which permitted direct observation of
higher life forms over long periods of time would assess the possibility
‘of disease production, while a microbial syste:m can be used to determine
effects on the vital processes represented, Other potential ;affects, such
as the c;onsu:mption or transformation of some necessary resources,
Woﬁld be difficult to evaluate in model ecosystems.
One of the n.na.i-.n problems in developing a model ecosystem is
the selection of the organisms. These orga.:aisms inay be macrobiota
such as animals or plants, or microbiota such as protozoa, fungi, algae,
or bacteria. The problems encountered with a macrobiotic ecosystem
for use away from Earth are centered around the need for extensive life
support systems for these organisms to survive the journey to Mars,
This system‘would lend itself more readilj',r to testing in an orbiting lab-
oratory or in the Planetary Receiving Laboratory. A microbiotic system
can be maintained by a lower level of life support and, to illustrate the
extreme, may survive in a lyophilized form. Therefore, an ecosystem
containing microorganisms can be more readily sustained for long
perio-ds of space {light. In this report we have concentrated on developing
a microbial ecosystem which can be transported to the vicinity of Mars to
serve as a biohazard warning device.
The organisms that will comi:wpse this microbial ecosystem can
be selected either because they survive well under a particular set of
environmental conditions or because they represent a key metabolic
pathway which needs. to be investigated. I:a.the first approach, the

Martian organisms would be exposed to one set of test conditions
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which are as similar to the Martian environment as the constituent
terrestrial organisms can tolerate and still function. These conditions
would give any Martian organisms the best chance of multiplying and
permit the maximum opportunity for expression of potenti.ally destruct-
ive capabilities,

The second:approach addresses the specific processes to be
. studied in these ecosystems. It is important that the basic cellular
fi:;llctions and nutrient cycle reactions be challenged Ey a Martian
organisms. This approach concerns the selection of represéntative
organisms for studying these key processes. Tests under terrestrial
conditions would permit optimal baseline functioning of the Earth
organisms and thus' make any adverse effect on the process studied
easier to detect and _quan’cify. Information on the inhibitory effects
of the terrestrial environment may become apparent by comparison
of this terrestrial system with the Mars-like system.

The possibility of combining these two approaches will be con-
sidered. In such an approach, the effect of the Mars organisms on
one .01' more terrestrial vital processes, as exemplified by Earth
organisms selected for hardiness at or near Mars conditiouns, would

be studied. The final selection of ecosystem type and organisms will
‘ depend on extens'ive laboratory testing to ensure a sensitive and reliable
indicator system, to determine its ability to withstand the prolenged
journey to the point of use, and to be compatible with existing eguipment
limitations for life support and monitoring.

In preparation for the selection of ecosystems consistent with
each approach, a literature review has been conducted. For the first
approa'ch, the literature on laboratory stressed microorganisms and
organisms in harsh tervestrial enviromments has been surveyed to
select the most hardy candidates (Section II; B.1.). For the second,

an analysis of basic cellular functions and the microbial participation
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in nutrient cycles has been carried out to select candidate representa-

tives of these vital processes (Section IL, B. 2,).

1. Microbial Candidates for a Martian Ecosystem

Under this concept, the organism(s) for the Martian eco-
‘system will be selected on the basis of their ability to function in a Mars-
1iké environmrent. Several.sources.of information are pertinent to this
selection. First, various studies have exposed terresirial microorganisms
to Mars-like stresses, .Second, ‘s.tudi'es of ha::c}sh environmental eﬁremes
on Earth, namely Arctic tundras, desert biomes, and dry valleys of
Antarctica will be -examined to defermine which terrestrial organisms

can best function under harsh environmental conditions,

‘a, Environmental Conditions on Mars

Much of the current data about Mars was gained
from the Mariner 9 mission. Atmospheric pres'sure at the surface was
reported to vary from 2.8 millibars in the Cloritas and Tharsis areas to
10. 3 millibars near the north polar cap. -'I"he mean atmospheric surface
pressure was 5.2 T 1.0 millibars with a seasonal -variation of t 1.5 (13).
Thé_surfac‘:e temperature ranged from -128°C to +27°C with a diurnal
freeze~thaw cycle in some regions, The diurnal variation is believed to -
range up to as much as 100 centigrade dégrees (14), The absence of an
ozone shield layer in the atinosphere indicates that the full uliraviolet
radiation from the sun reaches the surface of Mars-although there may
be some shielding from du_st particles.

One of the key considerations for terrestrial growth is the
amount of available liguid water. While the quesf.;ion of whether liguid
-.Water is present on Mars has noé been absolutely resolved, indications
are strong that little or none is available.
The atmospheric content of water vapor averages in the range of

10-20 precipitable microns (13); but, seasonally, the thin atmosphere
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may approach saturation. The prime source of the vapor is thought to
. be the polar caps which, .although primarily-composed of solid carbon
dioxide, contain appreciable v}a’cer-_-ice {14)., Subsurface juvenile water,
permafrost and volcanic activity are-other sources of water vapor. The
problem with respect to life is that the temperature and pressure condi-
tions on most ,-‘Lif not all, .of Mars: are such that water mmay never exist in
the liquid phase. If so, it is possible the Martian organisms may have
evolved to absorb water vapor and conserve condensed water internally
for use in an aqueous biochemistry. Barring this assumption, however,
Mars life forms based on an aqueous biochemistry would be dependent
on the availa'bility'of 1i.qu:id water in their environment. Some mechanisms
have been proposed by which liquid water may become available diu:rnaliy
_or for brief periods. ;First, some depressions on Mars a;fre sufficiently
deep to provide the atmospheric pres sure .';ecessal:y to support liquid
. water within a narrow temperature ranée. ‘Formation of nighttime
condensate retained by adsorption on steep sloping surfaces facing away
from the sun (15}, transfer from the atmosphere 'by' adsorption on settli.ﬁg
dust (13) and the formation of liquid water under the pressurized condition
o a Y"greenhouse efféct! produced beneath ice surfaces (C.B. Farmer, '
personal communicati;an) are other possible mechanisms,
The Martian atmosphere consists alrmost entirely of COZ’
5 and 03 have been detected
in addition to the water vapor. Of more serious consequence to life

although argon and trace .amounts of CO, O

forms is that nitrogen is present in only trace qﬁantities, if at all (14).

Obviously, conditions on Mars are harsh by terrestrial standards.

b. Laboratory. Studies Under Mars-like Stresses

Although natural conditions on Earth do not approach
the severity of Mars, laboratory studies have been conducted to determine

the survival of organisms under '"Mars-like' conditions. In the beginning
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phase of research on survival in Mars-type environments, emphasis
was placed on the development of Mars chambers. Although we know
that these earlier experiments did not truly stimulate Martian conditions,
particularly with respect to the availability of liquid water, they have
provided information (16) on the tolerance of organisms to a n@ber of
stresses that would be experienced on Mars.

In sfcudies (17) under reduced atmospheric.pressure, cocel a:ad'
actinomycetes have.be.en found to be among the most resistant types,
suggesting an ability to survive the atmospheric conditions to which a

Martian form would be accustomed. In a more rigorous study (18), the;

organisms Bacillus mesentericus, B, mycoides, B. megaterium,

B. simples, Actinomyces globisporus, Aspergillus- oryzae and A, terreus

were found to have 100% survival rates after exposure to a vacuum of

10‘8 to 10"10

mm Hg. Since a-variety of Arxnicroorg’anisms have been
found to be resistant to reduced atmospheric pressure, the Mars
atmospheric pressure is not considered a lir'niﬁng factor for the survival
of terrestrial micr.oox:ganisms. ‘

‘ .One of the more limiting factérs for life would be the ultraviolet
radiation reaching the surface of Mars. Mnuch work has been done on the
effects of IjV radiation on bacterial cells generated by the interest in the
enzymatic repair reactions (19), and in the use of ultraviolet radiation
as a method of sterilization (20,21). Various mechanisms, including
shielding by dust, growth under particles, and evolved pigmentation, have

been postulated as defense mechanisms that might protect an organism

from the effect of UV under Martian conditions. The cocci, Micrococcus

radiodurang and Sarcina lutea, and the spores of Bacillus subtilis, have
been fc;und to be among the most resistant organisms with 700,000, 1970
and 1000 exgs/ m’nz required, respectively, to inhibit colony formation
in 90% of the cells (22). However, among bact-eria, resistance may

differ even among strains of the same species. In the algae Chlorella, the
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photosynthetic system was found (23) to regenerate 70% of -capacity
after complete-suppression of activity by UV radiation. However,
available data (20,21, 22) indicate that exposure tc the full ef{ect of the
ultraviolet radiation reaching the surface of Mars would be lethal to
most terrestrial organisms. Hence, the amount of ultraviolet radiation
will probably have to be reduced to an acceptable level, oxr sufficient
shielding provided for the terrestrial organisms selected for the
ecosystem,. - .

Another serious rest?;ic:tion is the required ability to survive
repeated cycles of freezing and thawing. The problem is not so much
bei:cig able to withstand a particular high or low temperature, but rather
surviving the repea.teél cycling between extremes outside the normal range
of growth temperatures. That most microorganisms will survive freez-
ing is demonstrated by the well accepted preservation method of lyophiliza-
tion. However, the process of freezing and thawing is guite detrimental
to natural populaticns as noted in the reduced plate counts obfained from
frozen samples compared to those from unfrozen coutrols (24, 25).
Surx;ivg,l under conditions of diurnal temperature cycles, usually in the
range of -70°C to +2500, have been studied in Mars cha:ﬁbers. Frequently

test conditions include atmospheres high in N and low in COZ' Most

I included relatively large amounts of water byZMars ‘standards. Scher,
et al. (26} found that obligate and facultative anaerobic spore formexrs
and some facultative anaerobic nonspore formers did survive, but did
not grow, under conditions which included 10.'9 erg/ crn2 ultraviolet
radiation ax}d CaSO4 to remove water., There are many reports (27,28,
29) of spore formers, notably B. cereus and B. subtilus, surviving and
growin;g under dinrnal freeze-thaw cycles when a sufficient amount of
moisture (6-8%) was present. If the moisture level were reduced to

4%, the spore would germina{:e; but the resﬁlting cells would not be

viable (30)., Hawrylewicz, et al. (31) also determined that one effect
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of the freeze-thaw cycle was that gfowth of sporés could o<;cur at a soil
moisture concentration which would normally limit gr‘owth of the cells
at 35°C. This work was performed under terrestrial atmospheric
conditions and in a nutrient medium,

" In further work, Young, et al. (32,33) confirmed that spore
formers have relatively little resistance to freeze-thaw cycles unless
the thaw duration exceeds four and one-half to eight hours. A consistent,
but low, rate of killing permitted survival of A, aero‘genes, but complete

and rapid killing occurred in other genera, notably, Spirillum, Rhodo-

pseudomonas and Pseudomonas (34,35). Although most of the work has

been on procaryotic organisms, the protozoan Calpoda maupasii has been

extensively studied '(36,37). Cyst stages were better able to survive
freeze-thaw cycles than vegetative cells, even in cycles from 22-24°C

to -196°C under conditions of slow cooling. In Colorado, some areas
experience as many as 238 freeze~thaw cycles per year (38). In summary,
research in this area has shown that some organisms can survive

repeated freeze-thaw cycles if the thaw cycle is of sufficient length to
pefmit cell multiplication. However, a moisture concentration far in
excess of that on Mars was found to be necessary for growth of the
l.organisms tested. )

) Other factors to be considered are the concentration of oxygen

and the available nutrients. The trace amounts of atmospheric oxygen

on Mars would not be limiting to all candidate terrestrial microorganisms
since facultative.or obligate anaerobes, capable of growing under anaerobic
conclitic-:ns, can be selected. The pr-oblern of available nutrients, however,
is not %'eadily resolved. At this time, little is known about the composition
of Mars "'soils, " and test situations involving heterotrophic organisms
will, therefore, probably require nutrient supplements.

Consideration of the above studies pc.)ints to the key probable

inhibitory factors for terrestrial microorganisms in a Martian
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eavironment, Hence, resistance to these stresses is a prime criterion
in the choice of candidate terrestrial organisms for the test ecosystem.
Many terrestrial microorganisms survive reduced atmospheric pressure,
some can survive variations in temperature, and forms exist which do not
require oxygen, Terrestrial microorga:nisms probably cannot withstand
exposure to Martian ultraviclet radiation although some forms are more
tolerant than others. Cpns:?quen’cly,-_the level of vltraviolet irradiation in
the test ecosystermn should be Teduced, or shielding should be provided.
‘Mars moisture levels appear to be the most severely limiting condition
for terrestrial microorganisms, Some experiments have demonstrated
an interaction between moisture and temperature cs;cles with regard to
their effect on microorganisms. A balance between the level of moistué‘e
and the temperature cycle will have to be established to permit survival

and metabolism of candidate terrestrial microorganisms.

c. Organisms Inhabiting Harsh Terrestrial Environments

Although no area on Ea_,rth is subjected to all the
extremes of the Mars environment, there a:re some terrestrial environ-
ments in which one or more environmental parameters is extreme,
Information is available about the abilities of microorganisms to survive
in areas of low temperature (Arctic tundras, dry Antarctic valleys) and
extreme dryness (deserts, dry Antarctic valle'ys) particularly through
research programs pe:rforn:‘md in conjunction with the International
Biological Program (IBP) from 1968 to 1973. Examination of these
environments in the following sections will assist in the selection of

organisms best adapted to such harsh conditions. .

(1) Arctic Tundras

Arctic tundras exemplify the effects of extreme
cold temperatures. Tundras generally have short growing seasons, and

are wet and cold with soils deficient in minerals. Much of the United States
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research (39) has concentrated on the Barrow, Alaska coastal tundra,
an area undexrlain by perennially frozen soil—ranging from 20-40 cm to
over 300 m deep (40). Clarholm, et al. (41) have found bacteria in

all the tundra soil samples examined. Pseudomonas has been identified

as the main form in wet tv:ndra sites and Bacillus as the main form in

dry areas. Pgrinlcina (42) noted that the bacterial numbers fluctuated
markedly among samples taken over a few days' time. As would be
expected, greater numbers of organisms were found in areas supporting
‘vegetation than in mineral soils (43).

Much of the emphasis in the IBP tundra program has been on
the nitrogen cycle since area soils are particularly poor in nitrates,
but are not carbon limited (44). The principal inorganic form of
nitrogen is ammonia resulting from NZ, fixation (45). In wet tundra
areas, the blue-green algae, Nostoc and Anabaena, are responsible
for-most of the nitrogen fixed (46). In the dry tundras, few algae or
leguminous plants are found, and lichens, such as Nephroma or
Peltigera are the primall'y agents of nitrogen fixation (47, 48). The
bact.erial contribution to the nitrogen fixation budget is not as signifi- ‘
cant as that of lichens or algae (49).

The main agents of photosynthesi's in both wet and dry tundras
are lichens and plants. All of the plant spécies tested demonstrated
positive photosynthesis at temperatures as low as O;SOC (50). In addi-
tion, blue-green algae photosynthesize in the wet tundras but do not

predominate in dry areas although some algae, notably Chlamydononas

nivalis, form blooms on hard frozen surfaces (51}. ILichens found in

both wet and dry areas are predominantly Nephroma, Peltigera and

Collema (46). Thus, lichens are the main microbial agents of primary
productivity in extremely cold, dry areas.
The environment in arctic tundras is so extreme that many of

the species have adapted to these areas. For instance, greater concentra-
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tions of mobile elements, such as potassium and phosphorus, have been
found in tundra species than in comparative:temperate forms (52).

In sumnmmary, research in tundra areas indicatés that lichens, which

are organisms adapted fo cold, dry tundra regions, should be considered
for the Mars-like ecosystem. ’ F;zrthermore, since these organisms are
capable of both photosynthesis and ni‘érog.en-—fixation, they may be candidates
for ecosystems combining both Mars-like conditions and emphasizing vital
procesges.

(2) Deserts

In deserts, the effects of moisture, which is a
limiting factor for most I'nicrobia;l growth therein‘, can be studied to
assist in the selection of microorganisms which may tolerate the extreme

. aridity of the Martian environment, In addition, deserts are generally
subjected to extremely high temperatures (?furing the day followed by cold

; nights. Biologically available water is usually scarce in temperate ox
tropical deserts, and then suddenly comes iI'.;. deluges or in unavailable
forms, such as SNOwW OT ice in colder climates. -Furthermore, since
only 10% of the solar radiation may be deflected, corlnpared to 60%
deflection in more humid-regions (53}, érgénisms in these areas are
exposed to higher a:c;lounts of ultraviolet radiation.

These varied conditions are reflected in the widely differing
bacterial counts that have been reported in deserts, Numbers of bacteria
vary from as few as 10 cells/g by the plate count method, to as many as
6.3t0 8.4 x 107 cells /g by the direct counting method (17}, Numbers of
bacteria in arid or semi-arid soils receiving 25 to 35 cm of annual
precipitation have been found to approach 1.0 x 106 cells/g soil {54}
by the plate count method. These variatiox;s may primarily reflect the
diifferenceg in the awvailable watel:. Even in naturally moist soils, the
addition of water increases biological respiration (55). Both hetexro-

"trophic and chemoautotrophic t}%pes of bacteria were isolat.e_:d with

sulfur metabolizers in the majority (56).
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- Unlike the tundra areas, which are nitrogen limited, deserts
are carbon limited. Planis are specifically adapted to hot, dry climates,
During drought cond{tions, the metabolism of these plants slows, as
evidenced by a reduction in carbon dioxide exchange (44), Algae and
lichens are present as hard crus-ts or concentrated under translucent
or transparent materials ‘{56). Such materials probably enhance growth
bg-r permitting light transmission and providing moisture thréugh condt;zns a-
tion oxn their undersides by means of the :gree:t;.house effect (the mechanism
advanced by Farmer for Mars). Cameron and Blank (56) have extensively

studied these forms and list 16 common species among which are Anaczétis

marina, Nostoc muscorum, and dhlorella vulgaris., Nitrogen is fixed
rapidly in the deserts (44) with 1:ates of 10-20 g/rn2 per year noted,

These rates were attributed to fixation by blue-green algae in the soil '
crusts. Thus, because these algae and lichens have survived under condi-
. tions of extreme aridity, ‘as typified by ‘desert climates, they should be

considered as possible candidates for the Mé.ré—like ecosystemn.

(3} Dry Valleys of Antarctic.:a,

The dry valleys of Antarvctica encompass extremes
of both cold and dryness (57).. Because both conditions are present, these
areas are considered to be the most harsh terrestrial environments and
the most similar to Mars. The valleys are ice-free, but the mean
annual temperature is -20°C to -25°C. Diurnal freezé—th_aw cycles can
occur with the surface of the ground reaching 150(3, or so, for short
pe;riods. The water vapor content is an ordexr of magnitude less than that
in more temperate areas and the soil is both saline and ali{aline.
Generally, it is the lack of moisture that is the limiting factor in these
regions, The loose water content (that driven off by heating at 110°C
for 24 hours in vacuo) ranges from 3.6 to 18.1 mg/g soil. This is

several orders of magnitude lower than the sun baked temperate
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zone soils {57), Upon the addition of moisture to these soils, the bacterial
population may increase from three to six orders of magnitude {58).

Only heterotrophic or;ganisms, bacteria and fungi, have been
identified in these areas of extreme cold and aridity.” Generally, the
bacteria are aerobic, heterotrophic, mesophilic nonsporulating :;:ods
or cocci. The lack of prevalence of sporeformers is noteworthy (58).
Coryneforms and arthrobacters were the most prevalent types, but -

Bacillus, Brevibacterium and Micrococcus sp. have also been found.

" Neither Pseudomonas nor Cytophaga species were detected (59).

Enrichments for chemoautotrophic organisms such as’ Thiobacillus

and Nitrosomonas have yielded several isolates, but these have not

yet been identified (60). At least ten genera of filammentous fungi have

been found with the majority of species belonging to the genera

Cladosporium and Penicilliuvm., 7The yeasts, Tilletiopsis and
Sporobolmyces, have been identified (6(:.)) as well, -

Other microbial species, both blue-green and coccoid algae,
yeasts, molds and protozoa have been found in areas of higher moisture,‘
and.in lakes, in Antzrctica, Although common in other areas of
Antarctica, lichens have not been reported in the dry valleys (58).

These findings suggest that heterotrophic organisms, primarily
bacteria, may best be able to survive under extreme multiple stresses.
The predominant types, coryneforms z;nd arthro'baci.;ers, should be con-
sidered candidate hardy organisms.

d. Candidate Organisms Based on
Survival Under Harsh Conditions

Data from the laboratory studies and ecological
surveys have been summarized in Table l.. For each stress, organisms
are listed alphabetically within broad taxonomic groups: bacteria,
blue-green aigae, eucaryotic algae, 'lichens, molds and yeasts.

Information on the response of some microorganisms to a particular
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Table 1

Summary of the Data Indicating the Ability of Varicus
Groups of Microorganisms to Survive Harsh Environmental Conditions

Scress Martian Conditions - Orpanismy Rospoune to Streqs
1. Reduced Atmospheric Pressure 2.8 mb zo 10.3 mb 1. 1075 Aupoupherte Pressurs
Aetinomyces Resistant
Baciltlus Resistant
Clostridium . Resistant
Eschexichin gold . Sensitive
Klebsiolla Resistant
Mierococeus aurancious Resistant
Micrococcus lulcus Resistant
Mycobacterium ' Resistant
Pseudomonas Sensitive
Sarcina Resistant
Serratia Resistant
Staphylococeus aureus Resistant
Vibrio Sensitive
Aspergillus Resistant
2. Ultravioldt Radiatfen 2000 Brgs/cm2 (caleulated} (Ref, 61) . C 2. Ergs/cmz (25374°) Required to
‘ . . Kill 90% of Cells

"Bacillus anthraeis ) 452

B. mepateriuvm {(cells) 113

B. regaterium (sporeg) 273

B. subtilis (spores) . 1200
Corynchacterium diphtherium 337
‘ Escherichia coli ' 300
Microceccus candidus 605

Proteus vulgaris 264
Pseudomonas aerupinosa . 550
Pscudomonas fluorescens ‘350
Salmonella typhimuzrium . 800

Sarcina Llutea 1970
Serratia marcesceny 242
Sténhxlococcus albug 184
Streptococcus lactis 615
Aspergdlivs nipex . 2200
Penicillium roguefortl 216
Sacchatomyces 133
Micrococeus radiodurans 700,000 Ergs/em?, wavelength.unaspecified

g1 o8ed
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a Stress Martian Conditions

3a. Reduced Temperature =~128°C min.
(Natural Eavironment)

Table 1

3b. Diurnal Temperaturc Cycle ~128°C to + 25°C
{Laboratoxy)
4. Minimal Moisture «  Extact Azmount Unknown

"(continued}

Organisms - Responge te Stress

3. =20°C to +15°C
Actinomvces Resistant
Arthrobacter, Resistant
Bacillus . Resistant
Brevibacterium Resistant
Corvnebacterium Resistant
Mlcroceeegus Resistant
Bluc-Green Algse (Unspecified) Resistant
Lichens (Unspecified) Resistant
Aspergillus Resistant
Cladosporium Resistant
Poeniciillum Resilstank
Sporobolounyeces Reslstant
Tilletiopsis Resistant

3b.  =70°C te -+ 23°C

Acrobacter gerogenes Resilgtant
Bacillus (8% Moisture) Resiscant
Bucallus (<4% moisture} Sensative
Pseugomonas Sensitive
Rhodopseudononas Sensitive
Spirdiilum Sensitive
Staphylococcus zurcus Resistant

4. Moisture Conditioms
Actinomyces Desert
Arthrebacter 0.48% to 1.7% {wt.)
Brevibacterium 0.48% to 1.7% (we.)
Clostridium (Spores) Laboratory Tests
Corvnebacterium 0.48% to 1,7% (wt.)
Mierococcus 0.48% vo 17X (wt.)
Mycobacterium Desert
Radiobagter Desart
Streptomyces Desert
Chlanydononas Dry Tundra
Chlorelia Desert
Mierocoleus Pesert
Nostoc Desert
Phytocenis Desert
Porvhyrosiphon Deosgert

61 o8ed
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Table 1
(continued)
Streps . Martinn Conditions N Droanisma Response to Stress

Protecoccus ' Desext
Trotosiohon Degert
Schlyzothzly Degerxt
Scyronomn Dosert «
Colloma Pry Tundra
Nephroma Dry Tundra
Poltigera Dry Tundra
Gladosporium _Dry valléys

“Penfellliom Dry Valleys
Sporoholmvees Dry Valieys
Tilleticpsis Dry Valleys

5. Oxygen , Traca Amounts ‘Réau‘ircment for Oxysen

' Obiigug:ely Aevobie Bacteria +
Obiigately Anzerobic Bacterda -
Facuitatively Anacrobie

Bacteyia ' ' -

. Blue-Green Algae -
Eucaryotic Alga -
Lichéns . ?
Molds +
Yeasts -

6. Nutrients Exsct Composition Unknown Orpanie Carbon Recqulvement

Haterotrophie Mierserganisms . +
Autotrophic Microorganisme =, Moy Need Vitaming

oz 98ed

9587-MSVN °ON 30®IJU0]) °
gxodoyg sgssxBoiyg Ajrajienyy
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. :
stress is not available since not all ‘strairs have been laboratory tested
for all parameters. Further, ecological studies frequently ezﬁphasiz ed
the‘ group responsible for a particular process but did not identify individual
genera or species, for example, the nitrogen-fixing blue-green algae. ‘

These data demonstrate that, while the response to some stresses,
such as the trace amounts of oxygen, 'is characteristic of a taxonomic
group, response to others, such as ultraviolet radiation, cannot be
categorized and may differ significantly almong strains of the same
species, .

Let us first consider those stresses which will completely elimi-
nate SOII;Le groups from further consideration as candidates for survival
under Mars-~like conditions. The trace amounts of oxygen in the Martia.n

atmosphere indicate that organisms with an absolute requirement for
oxygen,- the-obligately aerobic heterotr'ophic and al):i;otrophic bacteria,
. and the molds, will probably not survive e:siposure to Marsg-like atmos-
pheric conditions unless oxygen depletion mechanisms or anaerobic
microenvironments operate with the test systern. The latter do, of
course, operate on Earth, but such'a system would be difficult to
- establish in a small test enclosure. However, the facultatively and
obligately anaerobic bacteria, the blue-green algae, eucaryotic algae
and yeasts can .grow in the absence of o_xygén. Whether the fungal
. cgnmponent of a lichen can survive on the 6xygen produced by the
pariner algae needs to be demonstrated,

Another restrictive condition is the potential scarcity of nutrients
which suggests that autbtrophic organisms would survive better than
heterotrophs. All heterotrophic organisms will require some small
addition of nutrients, Ewven the photo aut-otrbphic microorganisms may
require an addition in the form of vitamins, nitrogen or a reducing
source Wh:fch’lnay be water, sulfur or an organic reductant while the

chemoautotrophs would require hydrogen, nitrate, or, possibly, sulfur,
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Therefore, supplementary compounds may be required for any terrestrial
microorganisms, The {inal determination of a nutrient addition would
depend upon soil composition information from the current Viking series
and the requirements of the test organisims chosen. On the basis of this
criterion, minimal available nutrients, -all the fastidious crganisms
should be eliminated {rom .consideration., Ozrganisms known to survive
in areas of minimal nutrients, such as tundras and deserts, would be
good candidates, as are auvtotrophic microorgaa'aisms.'

An interrelationship between moisture and temperature cycling ‘
has been noted. An increase in the moisture level increases the survival
of s.ome strains. Whether the additional water functions as a protecti-ve
mechanism against‘tei’nperature changes, or simply decreases stress, is
not known., The environmental studies have‘provid-ed candidates that can
sx-lrvive low temperatures and low moisture concentrations.-

In considering the bacteria found in these categories, the elimina-

tion of those with a strong requirement for oxygen leaves the genera:

Actinomyvces, Corynebacterium, and Clostridium. In laboratory study,
the Clostridi;zm species have required high moisture levels to sur-
vive temperature cycling, and should not be considered further
unless an 8% moisture level is found to be a requirement for the

other strains as well., Since Actinomyces and Corynebacterium

are known to survive low temperatures, 10W_'rnoisture levels, low
nutrient concentrations, and do not 'require oxygén, they are good
bacterial candidates. .

A variety of photosynthetic o:;‘ganisms has been found in desext
and Arctic environments and species are listed in Table 1. The ability
of these organisms to grow without an organic carbon source, their
growth under conditicns of low temperature and low moisture make themn
good candidates.- Of these organisms, the blue-green algae, Nostoc

and the green algae, Chlorella, are extensively used in. laboratory studies.
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However, these organisms do present several pr.oblems._ First, oxygen
is produced as a result of their photosynthetic acti'vities and may build
to toxic levels., Secondly, they require water because their photo-
synthetic systems depend on photolysis of water. Photosynthetic
bacteria may offer advantages-because they neither need nor produce
oxygen; and they substitute compounds, 'such as sulfur or organic
reductants, for water in the photosynthetic pl';)ces . _Methods for
removing or reducing the evolved oxygen should be investigated to
determine whether algae should be candidates.

Fungi, as a general group, have been eliminated because of
‘i;hei.r oxygen requirements. However, fungal utilization of oxygen ma-y
be one method of rgrﬁoving the oxygen produced by the algal lichen
component. Lichens have the reputation of hardiness and tolerance to
cold, aridity and low nutrient conditior‘l_s, demonstrated by their survival

in tundras and deserts. Certainly Nephroma or Peltigera are hardy

candidates., Several species of yeast were also found in the dry
Antarctic valleys, demonstrating their ability to withstand cold, aridity
and low nutrient levels.

- However, a more definitive choice of organisms depends on
~several factors. One is the ability to survive under multiple stresses.
Another is that the organism must not only survive under these condi-
tions, but must also actively metabolize if an effect iz to be detected.
All of these organisms iisted have su-rvived in harsh environments.
However, these stresses may be relieved periodically by environmental
changes or anomalies, and it has been suggested that it is under these
circumstances that the majority of the growlh occurs, For example,
the algae found in deserts are {requently under objects which will

permit moisture accumulation (56). Snow algae, such as iRa'phidonema,

survive where liquid water would seem to be biologically unavailable.

However, the cells {fihd moisture in ”rnelj:waters“ located below the
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surface (51}, Lichens survive in conditions of great araidity, the desexrts.,
However, studies (62) have shown that lickens in California deserts grow
on moisture provided by marine fogs. Furthermore, it has been suggested
that lichens grow only under high moisture conditions {63) and that they
are not found in the dry valleys of Amntarctica because of the unmitigated
low moisture levels (58), Consequently, the ability of all of these candi-
date organisms to metabolize under low moisture conditions needs to be
evaluated. Also, the strains most resistant to ultraviolet irradiation

and reduced atmospheric pressure need to be determined. These are

areas where laboratory studies are required.

2., Candidates Repres entative of Vital Processes

An alternative approach to. selecting the microbial eco-
system is to choose organisms highly representative of basic life pro-
cesses to be challenged by the ‘Martian life form. Gr:s-.ater assurance of
the continued survival of terrestrial life is gained from survival of
the test system if it represents vital processes commo:n to all levels
of Earth life, These basic processes are of two types. One operates
at the cellular level and consists of metabolic reactions embodied, for
example, in the amino acid and carbohydrate pathways. The other
type operates at the environmental level and consists of ecological
nutrient cycles, such as the carbon cycle and the nitrogen cycle.

Life on Earth ﬁses c-arbon as a molecular backbone, while
energy is stored in certain phosphate and sulfate bonds. The continued
ability of a terrestrial microorganisms to utilize a carbon containing
compound in the presence of a Martian life form could demonstrate,
among other things, that cell permeability, transport mechanisms,
meatbolic pathways, energy systems, DNA transcription, the
molecular mechanisms of enzyme substrate reactions and the necessary
trace elements are not destroved or inhibited. In an extended experiment,

information concerning duplication of genetic material and cell growth
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and division become available. .Thus, from the continued survival and
-metabolism of a single-celled organisms, -assurance could be gained
that the basic cellular metabolic and genetic functions are not inhibited

by a Martian life form.

At the environmental level, mlcroorganlsms are responsible for
the cyclic transformations which prov.tde elements and compounds, such
as oxygen and nitrate, for cellular metabolism, Some of the reactions in
thes;a_ cycles involving organic carbon compounds, sulfate, and phosphate
are common to the majority of organisms and are studied as part of
the basic cellular metabolism. Other reactions such as the ability to
fix nitrogen, -are restricted to certain organisms and specific representa-
tives may need to be considered. Therefore, both cellular metabolic

. processes and ecologic-al cycles will be considered:to determine which
organisms can be used to study the continued functions of key vital

: processes in a model ecosystem,

a. Cellular Functions

Generally, metabolic processes. are divided into
catabolic, or degradative, pathways and anabolic, or synthetic pathways.

These two types of pathways join in the following three areas:

(1) Carbon Sources

The metabolism of most foods will eventually
yield a small group of pl‘Od‘l:lCt molecules. These ar;e triose phosphat'es
and pyruvate for carbohydrates; acetyl CoA, propionyl CoA, and
glycerol for fatty acids; and acetyl CoA, oxaloacetate, <= -ketoglutarate,
fumarate and succinate for proteins. In the Tricarboxylic Acid Cycle
(Figure 1) these catabolic products are converted to ‘the intermediates
used in anabolic pathways for the s*y:n_thesis of amine acids, purines,

pyrimidines and long-chain fatty acids.
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The Interaction of the Tricarboxylic Acid Cycle in the
Conversion of Nutrients to Carbon Dioxide, Water, and Energy (64)
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(2} Energy Generation

The catabolic processes produce energy in the

form of ATP which is utilized in the anabolic synthetic reactions.

(3) Red-Ox Reactions

The reductants genérated during catabolism,

generally NADFH,, provide a source of reducing power for the anabolic

27
processes. It is through the interaction of the Tricarboxylic Acid
Cycle and the Electron Fransport Systern that carbon compounds are
completely combusted to carbon dioxide and water with the concomitent
release of energy in the form of ATP and the production of reducing
power in the form of NA.'DI—I2 (65).

These three areas are interrelated through the Tricarboxylic
Acid Cycle and the Electron Transport System. Therefore, the continued
functioning of reactions necessary for maintenance and growth in aerobic
organisms can be evaluated by metabolism of carbon compounds through
those pathways. An additional advantage is that most of the 1o -labeled
compounds currently being utilized in the "labeled release’ life detection
experiment aboard the Viking Mars lander (66} can be metabolized by
these pathways. The choice of organisms in which to study these processes
is not restricted to pbligate aerobes, since .facultative anaerobes will
preferentially use the Tricarboxylic Acid Cycle and the Electron Trans-
port System under aerobic conditions because of the greater energy vield
(67). Therefore, there are many organisms which are capable of aerobic

heterotrophic growth from which candidates can be chosen (68).

b, Ecological Nutrient Cycles

The effects of Martian life on ecological ﬁrocesses

may best be studied in terms of the elements or compounds necessary
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for life ﬁaxnely, carbon, oxygen, water, nitrogen, phosphorus and
sulfur, These are readily recognized as participants in the following

¢ycles of matter (Figure 2):

(1) Carbon Cycle

The carbon cycle can be considered in terms
of the {ixation of carbon dioxide into organic matter through the process
of photosynthesis and its subsequent return to the atmo sphf:are through
the metabolism and respiration of microorganisms, plants, animais and
humans. The process of organic carbon metabolism and the evolution
of COZ through respiration are general cellular functions and were
considered in the previous section. FPhotosynthesis, the process whereby
carbon _dioxide is fixed into organic compc;unds, can be studied in certain
organisms only,

The main photosynthetic agents on lend are 'f:hc'a sced plants with
the algae being minor con‘(.:ributors. In the oceans, however, free-
floating marine algae are most productive with the 1arger algae, the
seaweeds, being restricted to a narrow coa:stal z'one.' Estimates of
relative photosynthetic activity (70, 71) suggest that the marine environ-
ment is the site of from 40 to 80% of the total primary productivity.

Although marine algae are the main agents of photosynthesis, they
require a saline environment which might be detrimental to the Mars
organisms and, at this time-, are not considered candidate organisms for
this reason. The conditions chosen to study these vital processes should
not be such that the Martian organism would be subjected to the extremes
of terrestrial environment, The emphasis should be on the effect of
the Martian organism on the vital terres;crial biological processes and
not on the effect of terrestrial conditions on the Martian organism. The
saline problem with marine algae can be circumvented by using blue-

green algae which are widely distributed in nature and cccur not
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only in salt and fresh waters, but also in soils. Furthermore, green
algae and blue-green algae have basically tile same photosynthetic systems,
The bacterial photosynthetic system, however, differs in several
respects from the algal and plant systems. The absence in bacteria of
the Type 1l reaction center, where photolysis of water occurs, necessi~
tates use of an exogenous reductant such as I—IZS or an organic compognd.
This means that oxygen is not produced. Moreover, bacterial photo-
synthesis is an anaerobic process, carried out by a select group of
organisms, the Rhodespirillaceae, the Chromatiaceae, and the
Chlorobiaceae. Much information {72) is available about bacterial
photosynthesis and its genera‘ll processes are basically similar.
Certainly bacterial representatives of photosynthesis should be con-
sidered. It is suggested that blue-green algae should alsc be included
because they carry out an oxygen productive type of photosynthesis,
are ubiguitous in natqr e, and have beeﬁ well studied in 1aboré.to:ty and

field experiments.

(2} Nitrogen Cycle

Most of the Earth's nitrogen occurs occluded in

primary rocks as dinitrogen (73}, or as the inert gas, N,_, in the atmos-

2
phere. The cyclic transformation of nitrogenous compounds is of great
importance because while all organisms require nitrogen, not all of
them can fix atimospheric nitrogen. The majority of organisms require
nitrogen in a combined for;cn such as ammonia, nitrate, nitrite, or
incorporated into organic compounés such as amino acids.
Simplistically, the nitrogen cycle consists of the following steps.
The fixation of attmospheric nitrogen into a reduced form is carried out
by leguminous plants and select free-living procaryotic microerganisms.

Decomposition’of the organic matter and subsequent release of nitrogen

as ammonia, or ammonification, is microbial in nature. The ammonia
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produced can be utilized by a wide variety of plants and microorganisms
for growth, ox it may be modified to nitrite and nitrate in the process of
nitrification. The primary agents in this process are the chemolitho-

trophs such as Nitrosomonas and Nitrobacter. Nitrate can then be used

by plants and microorganisms for growth or may serve as the terminal
electron acceptor in the process of bacterial denitrification. Tne enzymes
required for denitrification are widespread among microorganisms

appearing in such diverse genera as Neurospora, Proteus, Hemophilus,

Rhizobium, Achromobacter, Spirillum and Corynebacterium. Abiologic

transformations, both natural, such as ozonation and lightning-fixation,
and industrial, such as the Haber process, also contribute to the nitrogen
cycle.

To some degree, the process of ammonification and denitrifica-
tion can be studied as part of normal <‘:e11 metabolism since these
abilities are widespread in the microbial world. Nitrification is a far
more restricted, but less necessary, process than nitrogen fization.

In studies (11) where specific inhibition of ammonia oxidation has
occ-urred for three months, it was concluded that soil nitrification

can be circumvented without penalty, although physical differencgs

in the resulting plants were apparent when compared to controls.

This is not meant to underestirnate the imI;ortance of nitrification
since a large portion of the nitrogen added to soils,v either as fertilizer
or through microbizl transformations, is eventually oxidized to nitrate
(74). The suggestion, rather, is that nifrogen fixation is ultimately
the more important process although some substitution in the form of
industrial and geologic {ixation is possible. )

The agents of nitrogen fixation are either bacteria or blue-green
algae (75). Generally when nitrogen fixation by other organiéms is
reported, further investigation (76).reveals the presence of nitrogen

fixing bacteria in the gut. Biologic nitrogen fixation may be symbiotic
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or nonsymbiotic, Symbiotic nitrogen fixation results from a mutunalistic
relationship between a leguminous plant and a bacterivm of the genus
Rhizobium. Although it was thought that these bacteria could not fix
nitrogen when separated from the plant, prelimninary evidence (77)
indicates that at least one strain of Rhizobium can fix nitrogen on
certain laboratory media.

The most important agents of nonsymbiotic nitrogen fixation
are the heterocystic blue-green algae, Anabaena and Nostoc, and the

bacteria, Azmctobacter and Beijerinckia (70). This ‘ability is widespread

among the blue-green algae, occuring in Aphanizomenon, Calothrix, and

Trichodesmium (78}, and the bacteria, being reported in the genera

Bacillus, Clostridium, Desulfovibric (79), Klebsiella (80), Rhodospirillum,

Chromatium, and Pseudomonas (11), There have also been reports (81}

of genetic transfers of nitrdgen-—fixing ability to ofganisms such as
. E..coli. Thus, there are a wide variefy of species from which to choose

a representative of nitrogen-fixation.

(3} Sulfur Cycle

Sullfur is widely ai:stributed in nature occurring
as iron pyrites, galena, sphalerite, cinnabar, stibnite, gypsum and’
epsom salts as well as other forms (82)., It is incorporated into
cellular metabolism primarily in the form of sulfate by microorganisms
and plants, and the resulting reduced sulfur compounds, such.as sulfur-
containing amino acids, ca:n be further metabolized by microorganisms,
plants and animals. The decompos-ition of this material to HZS can be

carried out by many groups of microorganisms such as Desulfovibrio.

The oxidation of I—IZS to elemental sulfur and thence to sulfate may be
bacterial or spontaneous (70). Members of the photosynthetic families,
Chromatiaceae and Chlorobiaceae, oxidize st to elemental suliur,

while the family Beggiatoaceae and the genus Thiobacillus oxidize sulfur

to sulfate.
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The sulfur cycle is further complicated by chemicals such as
dimethyl sulfide, whose role in balancing this cycle is not completely
understood {83). Natural forces, such as volcanic activity, zalso
contribute to this cycle (84). Man's activities in the form of
inéreased industrial production of reduced sulfur compounds have an
effect on the sulfur balance {85). Severe environmental probleins, such
as the formation of acid mine water, can result when the sulfur cycle is
altered. However, since the 'reduced sulfur formed as a result of.
metabolic processes or industrial pollution can be spontaneously
oxidized to provide more sulfate, the cycle is not absclutely dependent
on microbial interconversions as is the mitrogen cycle. Since the inter -~
conversions of sulfate are part of the normal cellular metabolic

processes, no speclal organisms need to be counsidered.

(4) Phosphorué Cvcle

- Phosphorus is found in nature mainly in the form
of phosphate, predominantly as orthophpsp_hate, organic phosphate esters
or the mineral apatite (86). Generally, th;a main agents of cyclic transfer
in the phosphorus cycle are physical processes such as precipitation and
solubilizai.:ion. Precipitation removes phosphate by forming insoluble
calcium and iron salts., Phosphate is added to the system by solubiliza-
tion of these salts from rocks. Microorganisms may pavticipate in this
Heyele' in several Wa:ys, but they are not the main agents. For example,
while they may use the available phosphorus in an area, they cannot
r eplenish the supply to any great extent., In some instances, micro~
organisms may resolubilize precipitated phosphorus by acid production.
They rhay also decompose phosphorus compounds through the action of
extracellular enzymes such as deoxyribonucleases, ATP ases and
phosphatases {11). However, physical proéesses are mainly respounsible

for the available phosphate supply. Therefor e, although phosphorus
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may be a lin:;iting nutrient in the environment, its availability in a
metabolically usable form, inorganic orthophosphate, is generally not
‘dependent on microbial interactions (86, 87). Since biological inter-
conversions of phosphate can be studied as part of the normal cellular

meta:bolism, no gpecial organismsneed to be selected.

c. Candidate Organisms Based on Vital Processes

These considerations of microorganisms as indicators
of the continued functioning of vital processes have emphasized three
areas. One is the general metabolism of carbon compounds to carbon
dioxide and water with the concomitent generation of energy through the
Tricarboxylic Acid Cycle and the Electron Transport System. Second
is the process of photosynthesis which provides for the continued prod-
uction of oxygen and organic matter through the fixation of carbon
dioxide into cellular material, Third is the process of nitrogen fixa-
tion in which the inert gas, NZ’ is transfo:n;med to ammonia, a biologically
usable form.

Representative microorganisms Cai)able ;Df carrying out each
process have been listed in Table 2. To avoid excessive length, the
genera are not listed separately if the particular process is character-

istic of an order or a family. For example, the genus Pseudomonas

appears under Process 1 as the family Pseudomonadaceae because all
the members are capable of respirvatory metabolism but as the genus

Pseudomonas under Process 3 since not all genera in the family have

been reported to be capable of fixing nitrogen.

Members of several genera are good subjects for studying more
than one of these processes. The blue-green algae (Cyanophyta) are good
examples because they are nitrogen-fixing, photosynthetic organisms..
They are also capable of heterotrophic growth in the presence of air,

although the mechanism differs from the Tricarboxylic Acid Cycle and
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Table 2

Representative Microorganisms Exhibiting
Selected Vital Processes

Process Organisms

1. Metabolism Via Tricarboxylic . Actinomyces (Some Species)
Acid Cycle and ‘Electron Trans- Arthrobacter
port System Azotobacteriaceae
' ‘ Bacillaceae
Corynebacterium
Entercbacteriaceae
Micrococcaceae
My=xobacterales
Neissgeriaceae
Pseudomonadaceae
Rhizobiaceae
Vibrionaceae

2. Photosynthesis Chlorophyta
- Chrysophyta
Pyrrophyta
Cyanophyta
Chlorobiaceae
Chromatiaceae
Rhodospirillaceae

3. Nitrogen Fixation Cyanophyta
. Achromobacter
Aerobacter
Azotohacter
Bacillus
Beijerinckia
Chlorobium
Chromatinm
Clostridium
Degulfovibrio
~ Klebsiella
Methanobacter
Pseudomonas
Rhizobium
Rhodopseudomonas
Rhodospirillum
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Tlectron Transport Systems. All the photosynthetic bacteria can fix

nitrogen. Most of these bacteria are obligate anaerobes, but even those

that can grow in the presence of .aix (Rhodospirillum) do so only in the

dark and demonstrate slow growth rates, Many of the nonphotosynthetic
nitrogen-fixing bacteria do metabolize by these pathways, namely,

Achromobacter, Aerobacter, Azotobacfzer, Bacillus, Ber11er1nck1a,

and Pseudomonas. Although each process can be studied in any of the
organisms listed in Table 2 as having that ability, those in which more
than one process can be studied will be emphasized. A more definitive
choice depends upon the ecosystem(s) in which these processes ave to
be studied.

Other considerations are involved in the f:mal choice of the ca_ndl»-
dates.' The selection must result in a system/organism that can survive
the trip to its point of'use either in a resting stage, in a cryptobiotic
“form, lyophilized, frozen, or in a dynamic ‘situation. Table 3 lists
those organisms which are known to form res;ti.ng stages or undergo
crytobiosis, permitting their surval under adverse conditions (88,89, 90).
¥ should be noted that this includes many of the or-ga,ilisms under considera

tion.

C. Choice of Candidate Ecosystems

In summary, the model ecosystem(s) to be us ed as a Basic
Warning System will consist of at least two parts (Table 4). In one, the
conditions will be max-ilnized for the survival of Martian organisms, thus
providing the best chap‘cc: for them .to multiply and demonstrate an effect
on the metabolism of a terrestrial organism. In the other, terrestrial
conditions suitable for studying the selected vital terrestrial processes
~ will be maintained. However, to the extent the terrestrial organisms
will permit, the Martian organism will not be exposed to conditions
extreme to the Mars environment. Fox example, a saline environment
will be avoided, if possible, because of the presumed absence of large

amounts of water and salt on Mars.
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Table 3

Survival Stages of Various Organisms

Organigm Survival Stage
Actinomyé:étales Spore
Azotobacter Cyst
Bacillaceae Spore
Cyanophyta Akinete
Rhodomicrobium Spore
Sporocytophaga . Microcyst
Rotifera Cryptobiosis
Tardigrada Cryptobiosis

Amoeba Cyst
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Table 4

Candidate Ecosystems

Martian Conditions System: The metabolism of a hardy terrestrial
organism will be challenged by the Mars sample under Maxrs -like
conditions.,

Vital Process System: Representatives of vital processes will be
challenged by the Mars sample in one of the following arrangements:

Single 1. Nitrogen-fixing blue-green alga in which metabolism is
alternated between photosynthesis and heterotrophy by
environmental control.

2. Lichen in which algal photosynthesis provides oxygen for
fungal metabolism which produces carbon dioxide for the
alga, Alga must fix nitrogen.

3. Algal-Bacterial Association whereby algal photosynthesis
provides oxygen for bacterial heterotrophy which produces
carbon dioxide for the alga, One member should fix
nitrogen.

‘Dual 4. Alga and Nitrogen-Fixing Aerobic Bacterium., Photo-
synthesis is tested in the alga. Tricarboxylic Acid
metabolism, respiration and nitrogen-fixation are -
tested in a nitrogen-fixing aerobic heterotrophic
bacterium (bacterium common to Processes 1 and
3, Table 2). '

5. Bacterium (Process 1, Table 2) and Nitrogen-Fixing
Blue-Green Alga. Tricarboxylic Acid metabolism and
respiration are tested in bacterium selected from list
of aerobic heterotrophs in Table 2. Photosynthesis
and nitrogen~fixation tested in blue-green alga.
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These two approaches have several advantages when used in
conjunction. As discussed previously, the Martian conditions give the
Martian organism the best opportunity to multiply and demonstrate any
adverse effgcts, while the terrestrial conditions permit observations
of these effects on key processes. -Additionally, comparison of these
two con&i’cions may provide information on the inhibitory effects of the
terrestrial environment, Finally, these approaches expose the Martian
organisms to several types of environmental conditions, several terres-
trial organisms and several different vital processes.

' Possible terrestrial candidates for the first approach, the
Martian ecosystemn, have been listed in 'I,'able 1. Those organisms
which will be studied fivst, as a result of the dis cussion in Section IL. B.
2.d., are the green algae Chlorella, the blue-green algae Nostoc,
the photosynthetic bacterium Rhodospirillum, the heterotrophic.

bacterial genera, Actinomyces, and Corynebacterium, and the

lichen Nephroma. Of these organisms, those able to metabolize
under the most extreme conditions mneed tc be determined in the
1a,bc;ratory. Particularly, the minir.nal levels of moisture at which
these organisms can metabolize needs to be established. It is possi-
ble that one of the vital processes may be -s‘tudied 1n the Martian test
system (see below).

In the second approach, we are looking for one or more eco-
systems in which the vital processes of aerobic heterotrophic.respiration,
photosynthesis and nitrogen-fixation can be tested. Once the best system
or combination of systems has been determined, speciﬁc organisms can
be selected from those listed in Table 2, Obviously, :'Lf“seve:cal processes
can be tested in one organism, the number of test s\ystelns can be reduced.

Generally, photosynthetic organisms do not possess the entire
Tricarboxylic Acid Cycle and do not respire by means of the Tricarboxylic
Acid Cycle and the Electron Transport System. Althoug}} photorespiration
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has been observed (64), it occurs at a low rate aﬁd does not truly repre-
sent aerobic respiration. Five types of simple terrestrial systems that
permit observation of the three processes are listed in Table 4.

The first system consists of a nitrogen-fixing blue-green alga in
which metabolism is alternated between photosynthesis and heterotrophic
metabolism by environmental control. Although algal metabolism has
been cycled in the'laboratory, it is suggested that this system not be
chosen because a one~component system minirmizes exposure of
terrestrial organisms to the Martian organism. Further, if all three
processes are to function, the enviromment must cycle between two
sets of conditions. It is well known that multiple stresses are synergistic
in effect, a:f'ld this sys-tem would subject the Martian organism to unneces -
sary stresses, It is important that the grovs.zth of this organism not be
inhibited. Mozreover, this is a complex system in that the terrestrial
organism must switch back and forth between two opposing types of
metabolism and stabilize at the same measurable level each time if we
are to be able to determine that a variance in metabolism was caused by
the Martian organism, Finally, although these organisms are growing
hetérotrophically in the air, functiolning of the entire Tricarboxylic Acid

Cycle and Electron Transport System cannot be observed in these
organisms. For theée reasons, it is suggested that this system not be
considered any further. -

. The second system consists of a lichen in which algal photo-
synthesis provides oxygen for fungal metabolism which, in tul'n,-
produces carbon dioxide for the alga. The alga provides nitrates for
the fungus and itself by fixing molecular nitrogen into ammonia and
oxidizing it to nitrates. However, before lichens can be utilized,
several problems must be overcome., First, lichens characteristically
metabolize at a slow rate. This may make monitoring difficult and an

effect on metabolism of the Martian organism may not be readily
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discernable. Second, it is difficult to maintain lichens in the laboratory
(70)., .Under favorable growth conditions, lichens dissociate into {ree-
living algae and fungi. Stressed conditions such as a low nutrient level,
combined with alternating periods of wetiting and drying will stabilize
'theAsymbiosi_s. However, this would subject the Martian organism to
additional, and cyclic, stresses. Finally, lichens produce acids
believed to inhibit-other microorganisms. These may be inhibitory to
the Martian forms. Several of these problems, such as whether the
metabolic rate is too low for short-term monitoring, can only be
resolved by laboratory tests. On the other hand, lichens have many
advz;mtages as test systems, Using this system, all three vital pro-
cesses can be studi'ed'in a nitrogen-fixing lichen. Also, more than one
organisms would be exposed to the Martian érganism. Finally, lichens
are kunown to grow under conditions of cold and low nutrients. Because
of these advantages, the problems posed by the lichen system should be
evaluated in_ laboratory siudies. )
The third system consists of an algal-—'baéterial assoclation in
Whic;h algal photosynthesis provides oxygen for bacterial heterotrophy
which, in turn, produces carbon dioxide for the alga. Omne member of
this association would be specifically selected to fix nitrogen. This
| system possesses several advantages. First, more than one organism
is exposed to the Martian sample. Second, the rate of metabolism can
be controlled at a level high enough that small variances will be
apparent. Third; as opposed to the two previous systems, 1o cyclic
environmental stresses are necessar.y. This will ' materially simplify
the engineering design and required support system. Fourth, a balanced
two-component system is highly sensitive because of the absolute inter-
dependencies of the components. However, this sensitivity also makes
it difficult to maintain, Such a system will ;cequire laboratory testing to
determine whether the balance between the two oréanisfns can be main-

tained for the necessary length of time.
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S.ystems Four and Five can be considered together since they are
basically the same, Both systems are dual systems containing the same
two components, a blue-green alga and a bacterium, The systems differ
in whether nitrogen-fixation is studied in the bacterial or ﬁlgal component.
There are many advantages to a dual systern. First, as in Systems Two
and Three, several terrestrial microorganisms are exposed to the Martian
forms. Second, no cyclic environmental stresses need be applied to the
Martian organism. Third, conditions for each terrestrial organism can
be controlled separately permitting one to be tested under Martian condi-
tions. Fourth, changes in the rate of metabolism will provide a sensi-
tive monitor. These systems should also be laboratory tested.

Thus, following the elilninatic?n of System Omne, in which environ-
mental conditions must be cycled so that the organism would alternate
between photosynthesis and heterotrophic mei;abolism, four microbial
systems remain for testing in the laboratory. These consist specifically of
(1) a lichen, (2) an algal bacterial s;rmbiosi“g, (3) an alga and a nitrogen~
fixing aerobic bacterium, and {4) an aerobic heterotrophic bacterium and

a nitrogen-fixing blue-green algae.
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.  PRELIMINARY DEFINITION STUDY OF
PLANETARY RECEIVING LABORATORY (PRL)

A, Suvmmary of Quarterly Activities

The following activities were carried out in conjunction with

our study of the requirements of a ‘Pl‘anetary Receiving I.aboratory:

o. A tour of the storage facilities for lunar material at
Johnson Spaceflight Center and discussions with
knowledgeable NASA personnel connected with the
TLunar Receiving Laboratory were conducted.

< The quarantine protocol documents foxr the lunar
program were reviewed in conjunction with the above
discussions.

o A NASA Johnson Spaceflight Center survey on the
impact of sterilization regimens on petrological,
geochemical and geophysical characterization of a
returned planetary sample was reviewed.

© A guestionnaire and cover detter to be used in a
survey of potential Planetary Return sample
experiments was formulatéd,

@ The compilation of a mailing list of scientists
potentially interested in a Mars Return Sample

was initiated.

B. Problems Encountered in the Lunar Return Sample Program

The tour and discussions with NASA personnel experienced in

the Lunar Return Sample Program confirmed our preliminary conclusions

(91):

© The bioclogical containment systems are inadequate.

o  Much of the physical instrumentation is incompatible
with biological barrier concepts in use.

e Better quarantine protocols and experiment design are
needed to maximize the use of the return sample. In
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particular, specialized equipment requiring small
samples and compatible with quarantine requirements
are needed.

© Much of the quarantine protocol was poorly defined.
For example, it was said to be harder to get material
from the primary storage chamber fo an analytical
instrument inside the Lunar Receiving Laboratory
than it was to take this same mate1 ial outside to a
separate facility.

© Use of small, ‘resealable containers which can be
easily sterilized would offer major advantages over
the glove box systems.

In addition, Dr. M. Reynolds, officer for sample cor-ltamination in
the lunar program, and Dr. M, Duke, Curator of Lunar Materials, ‘
summarized their recommendations for a Planet'ary Return Sample
Program based on observations of the problems encountered in the

. Lunar Program:

@ An overview panel of scientists should be established
and should exercise strong advisory control over all
phases of the program, including, particularly, the
planning, design, protocol formulation, and sample
utilization priorvitization.

o A contamination control group should be established
in the planning phase of the program and should provide
advice to the design engineers. This control group
should follow the program to completion and be charged
with the responsibility and given sufficient authority to
insure that contamination of the sample is held tc a
minimum in the acguisition, experlmentatlon, and
storage phases of the program.

@ It should be recognized that competi’cic;n for samples
will be very strong and an equitable and scientifically
sound method and machinery for allocating samples
should be instituted as early in the program as
practicable.
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e The sample requirements for life detection and bio-
hazard assessment were large in the Lamar Program.
Pevelopmrent of techniques for minimizing the sample
requirements for these functions should receive high
priority,

a Strong managemen‘t control of the interrelated functions
of preservation, experimentation, and quarantine
maintenance should be instituted for a Planetary
Return Sample Missicn,

Dr. Kelton Ferguson and others of Johnson Spaceflight Center
also contributed views on the Lunar Program and a possible planetary

mission. The views did not depart from the above summary in any

8 ignific ant way.

C. Development of Questionnaire

In the process of preparing our questionnaire for soliciting
information about potential Flanetary Retﬁrn Sample experiments, we
reviewed the results of a Johnson Spaceﬂig‘ht-Center survey on the
effects of sample sterilization. The responses were useful in identify-
ing scientists in the physical sciences with a high degree of interest in
a Planetary Return Sample Mission and in formulating the present
guestionmaire.

A draft of our proposed questionnaire is attached as Appendix 1
for NASA review. The cover letter is written for Dr. Richard S,
Young's signature although the logistics of printing; mailing and
processing the responses would be performed by Biospherics
Incorporated personnel. It was felt that an official NASA inqguiry undex

Dr. Young's name would be more effective in soliciting responses.



Quarterly Progress Report
-Contract NASW-2856
page 46 '

BICSRHERICS INCCRPORATED

Iv. FUTURE PLANS

During the next reporting period, -the varying methods of trans-
porting and maintaining candidate organisms for long periods will be
surveyed and their restrictions con51dered in selectmg the orgamsms to
be tested, Ifrel::mlnary laboratory ef_forts will be directed toward the
acqﬁisition of these strains and establishment of culture maintenance -
techmques. Since the moisture level is an important consideration in
both approaches to ecosystem development the minimal moisture level
that will permit active metabolism, and not merely survival, will be
determined for the strains under consideration.

In regard to the design of the Planetary Receiving Laboratory,.

*I:he questiomaire will Ibe modified to reflect NASA's cornments and will

be sent to scientists and engmeers for completion. The list of interested
scientists is belng compiled from experimenters in the lunar and Vﬂung
progra:rns and recogmzed experts in the life and physical sciences who are
thought to have an interest in a Mars Sample Return Mission. The returns
from the survey will be categorized and a preliminary assessment of the

resulis will also be completed in the upcoming period.

Res pectfully submitted,

s o G,

ne i, Carney, Pha
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Systems Engine er
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Gilbert V. Levin, Ph.D
Principal Investigator
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APPENDIX I



Dear

NASA is considering the feasibility of returning material from the
Martian surface in the 1980's. As a part of the overall feasibility analysis,
it is necessary to define, at least in broad terms, the kinds of experiments-
to be i)erformed on the returned material, the availability of suitable instru-
mention, and the experimental difficulties which might arise from sterili-
zation procedures and quarantine constraints. The objective of the attached
questionnaire is to obtain such information. We are not addressing here
the larger issues of whether a Martian sample should be returned or what,
if any, sterilization procedure would be prudent.

A principal use of the questionnaire data will be in evaluating the
feasibility of quarantine protocols, the facilities and design of a Planetary
Receiving Laboratory, and overall approaches to experimentation on a re-
turned sample. Many of you have had direct experience at a detailed and
experiment specific level on the Lunar program. NASA believes that this
valuable experience should be utilized in planning for future planetary
missions, Recognizing that you have a busy schedule, we have attempted
to design the questionnaire to minimize the time required for you to pro-
vide the information. i

Please complete the questionnaire giving the specified information
for what you believe to be the most significant experiment in your field of
expertise. If you feel other experiments are also of prime importance,
please complete one questionnaire for each experiment. Additional forms
are available from this office or you can duplicate the enclosed form.,

A number of the questions are directéd at determining the feasibility
of sample sharing and the minimum sample size required for each experi-
ment. Since only a very small quantity of sample can be returned, this
issue is very important. It is also imperative that needs for special equip-
ment necessary for a valid experiment under quarantine conditions be
identified early. This information can provide a basis for establishing
priorities and needs for equipment development,

Other concise information, inthe form of written comments, re-
search abstracts, papers, etc , whichyou feel could aid in understanding
the problems to be encountered in a Planetary Return Sample Experi-
mentation Program would be appreciated.

The information will be used only in the development of Planetary
Refturn Sample objectives. A Planetary Return Sample Project has not
yvet been authorized by NASA, This is not a Request for Proposal.

We request that you fill out the attached questionnaire and return
it by .

Thank you very much for your cooperation.



PLANETARY RETURN SAMPLE QUESTIONNAIRE

1. Descriptive title of experiment:

Scientist (Name of Scientist Responding to Questionnaii'e. List co-
investigators if appropriate).

a. = Name:

"b. Organization Affiliation:
c.- Address:
d. Telephone:

2. Brief description of experiment:

3.  Scientific justification of experiment:

4. Parameters to be measured:



Is your experiment dependent upon other experiments or analyses
performed on the sample? I so, which? ’

Briefly describe equipment required (type, sensitivity, accurnacy, etc.):
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7. Is commercial equipment available? If so, list type and identifying
nomenclature for equipment which requires minimum quantity sample:

8. How many discrete samples are required?

9, What is the minimum size and form for each sample?



wdhm

10. Does your experimental technique alter the sample? . If so,
describe cause and alterations expected: ] ’

11. Describe environmental conditions required dutring éarb.ple storage
which are critical to validity of your experiment:

12. Describe environmental conditions required during the experiment:
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13. List other experiments which could be performed on your sample
prior to your experiment: ’

14, List other experiments which could be performed on your sample
’ after your experiment:

15, List key contaminants and concentrations which would sexiously
interfere with your experiment:
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16, It is anticipated that some form of heat sterilization might be required
Define the adverse effects of the following sterilization regimens on

your experiment:

1100C, dry, Martian atmosphere, cyclical from 20° to 40°C,

Unknown ___

a.
24-hour cycle for 90 days:
Bffect: No__;  Minor___; - Severe__ ; Unknown
Comment on affected parameters:
b. 15000, dry, Martian atmosphere, 30 days:
Effe;:t: No'_____ : Minor __ ; Severe
Comment on affected parameters:
150°C, dry, Martian atmosphere, one week:

Cs

Effect: No__ ; Minor __; Severe___;

Comment on affected para‘xneters:

Unknown ___



.-'(-.
d. 350°C, dry, Martian atrmosphere, one day

Effect: No ; Minor_ ; Severe _ ; Unknown

Comment on affected parameters:

Could your experiment be performed within an isolation chamber using

117.
remote manipulators? . Comment briefly {estimate size and
capability required of chamber and manipulator, i.e., special equip-
ment): ’
18, Could your experiment be performed by an astronaut scientist or
Comment

technician under your remote supervision?

briefly:



19.

S8a

It may be necessary to perform your experiment under very strict quarantine
conditions, Comment on the degree of access absolutely essential to

the success of your experiment, manipulation techniques applicable and
difficulties you foresee in operating under limited access conditions and

for post-experiment cleanup:



